In order to study the adaptation scope of the fish respiratory organ and the O 2 metabolism due to endurance training, 2 we subjected adult zebrafish (Danio rerio) to endurance exercise for 5 weeks. After the training period, the swimmer 3 group showed a significant increase in swimming performance, body weight and length. In scanning electron microscopy 4 of the gills, the average length of centrally located primary filaments appeared significantly longer in the swimmer than in 5 the non-trained control group (+6.1%, 1639 μm vs. 1545 μm, p=0.00043) and the average number of secondary filaments 6 increased significantly (+7. 7%, 49.27 vs. 45.73, p=9e-09). Micro-computed tomography indicated a significant increase 7 in the gill volume (p=0.048) by 11.8% from 0.490 mm 3 to 0.549 mm 3 . The space-filling complexity dropped significantly 8 (p=0.0088) by 8.2% from 38.8% to 35.9%., i.e. making the gills of the swimmers less compact. Respirometry after 5 weeks 9 showed a significantly higher oxygen consumption (+30.4%, p=0.0081) of trained fish during exercise compared to controls. 10 Scanning electron microscopy revealed different stages of new secondary filament budding, which happened at the tip of the 11 primary lamellae. Using BrdU we could confirm that the growth of the secondary filaments took place mainly in the distal 12 half and the tip and for primary filaments mainly at the tip. We conclude that the zebrafish respiratory organ -unlike 13 the mammalian lung -has a high plasticity, and after endurance training increases its volume and changes its structure in 14 order to facilitate O 2 uptake. 15 Summary statement 16 Adult zebrafish show an increase of their gill volume after endurance training, likely to adjust for the in-17 creased oxygen demand measured with respirometry during swimming. Both first authors contributed 18 equally to this work. 19 Introduction 20 Endurance exercise is widely known for its beneficial effects on health due to the physiological changes 21 it promotes in the cardiovascular system of vertebrates. The cardiovascular system itself forms part of 22 the pathway of oxygen, which can be divided into four different elements: gas exchange organ, heart and 23 blood, microvasculature, and mitochondria (Weibel et al., 1992). Taken together, adaptive responses 24 within the pathway of oxygen lead to an increase in the total oxidative capacity, expressed as VO 2 max 25 (maximal oxygen consumption, L/min). In humans, for example, a highly trained long-distance running 26 athlete may be able to achieve a 2-fold difference in VO 2 max compared to untrained individuals (Weibel 27 et al., 1992). It was shown that (in untrained humans) the limits of adaptation to endurance exercise 28 are due to the oxygen transporting (supply) factors rather than to the mitochondrial function (demand 29 factor) (Bassett and Howley, 2000) (Saltin, 1985). Each of the four parts of the pathway has been studied 30 separately for training induced modification possibilities in various species. In order to understand the 31 mechanisms leading to those changes, let us have a closer look at the different steps of the respiratory 32 cascade, starting with the final point of respiration, the mitochondria. 33 It is known that (aerobic) exercise provides a strong stimulus for adaptations at the level of mitochondria.
Respirometry 157
In order to be able to measure the oxygen consumption of the fish both in rest and during exercise, we used 158 the above mentioned Swim tunnel respirometer (medium chamber), a Witrox 4 oxygen meter (Loligo® 159 Systems, Denmark) with an oxygen sensitive optode and a temperature sensor (DAQ-M instrument) 160 from Loligo Systems. This allows to measure the oxygen content in the water and therefore the oxygen 161 consumption of the fish, while they stay in the swim tunnel. The data were processed by the AutoResp 162 version 2 Software. As the system is very sensitive, water temperature and environment such as noise, 163 light and movement should stay as constant as possible. The temperature in our respirometry tunnel 164 was kept at 25deg C, like in the whole facility. Fish were left in the tunnel for 15-20 minutes to get 165 familiar with it and reach a basal state of oxygen consumption. During this time the water was constantly 166 exchanged in order to have oxygen saturated water. Afterwards the system was closed and the decrease 167 of oxygen in the water was measured while the fish were swimming at a moderate speed (training speed). 168 The electrode was calibrated using water from the system of the fish facility and defining this as 100% 169 saturation. 0% saturation was defined as the saturation when the electrode was put in sodium hydrosulfite 170 (dithionite) Na 2 S 2 O 4 solution (Sigma-Aldrich, Inc.). heads with gills in situ for micro-CT were fixed in 4% PFA for 2 days. Critical point drying was performed 177 using an ascending alcohol series (70% -80% -96%) for 15 min each for dehydration. Subsequently the 178 samples were immersed in 100% ethanol for 3x10 min and then critical point dried in an Automated
Scanning electron microscopy (SEM)
For scanning electron microscopy, critical point dried gills were sputter coated with 10 nm of gold with a sputter coater (Oerlikon Balzers, Liechtenstein). Subsequently the gill arches 2 and 3 of 20 fish (10 184 controls and 10 swimmers) were scanned with a scanning electron microscope Philips XL30 FEG (Philips 185 Eindhoven, Netherlands) at a magnification of 38 × and a beam accelerating voltage of 10.0 kV. From 186 those images the length of the longest 5 primary filaments at the centre of each arch was measured (n= 187 50 for each group). Secondary filaments on the respective primary filaments were counted. The choice 188 to define a region of interest was taken due to the massive amount of both kinds of filaments within the 189 whole gill organ. Measurements were done in Fiji (Schindelin et al., 2012). 190 In order to document a possible mechanism of growth at the tip of the gills, samples were additionally 191 scanned by a Quanta SEM (FEG 250, Thermo Fisher) at a magnification of 5000 ×, a beam accelerating 192 voltage of 20 kV and a pixel dwell time of 10 μs. Pictures of different swimmers were taken in order to 193 exemplarily show different stages of growth.
194
Micro-computed Tomography (micro-CT) 195 After critical point drying, as described above, the heads of 20 fishes (10 swimmers and 10 controls) were 196 imaged on a Bruker SkyScan 1172 high resolution microtomography machine (Bruker microCT, Kontich, 197 Belgium). The X-ray source was set to a voltage of 50 kV and a current of 167 μA. For most of the dried 198 fish heads we recorded a set of 3979 projections of 4000 × 2672 pixels at every 0.05°over a 180°sample 199 rotation. For some of the heads we used a so-called wide scan where two projection images are stitched 200 side-to-side making the projection images approximately two times larger laterally; this was necessary if 201 the fish head was not able to be fitted into the field of view of a single camera window. Every projection 202 was exposed for 890-2005 ms (depending on the sample), six projections were averaged to one to greatly 203 reduce noise. This resulted in scan times between 6 and 19 hours and an isometric voxel size of 1.65 μm 204 in the final data sets. The projection images were then subsequently reconstructed into a 3D stack of 205 images with NRecon (Bruker, Version: 1.7.0.4).
206
After reconstruction, we manually delineated the gills in CT-Analyser (Bruker, Version 1.17.7.2+) and 207 exported these volumes of interest (VOI) as a set of PNG images for each fish head. These sets of images 208 were then analysed with a Python script in a Jupyter notebook (Kluyver, 2016) . The full analysis is 209 freely made available on GitHub (Haberthür, 2019) .
210
Briefly, we used a simple Otsu threshold (Otsu, 1979) to binarize each VOI image into gills and back-211 ground. The gill volume was then simply calculated as the volume of all the binarized pixels. The organ 212 area was extrapolated with two-dimensional binary closing of the thresholded gill image and summation 213 of this image.
214
Immunostaining and confocal imaging 215 After fixation in PFA 4% for 4 hours, gills were washed 3 ×20 min with phosphate-buffered saline (PBS) 216 and then immunostained with anti-bromodeoxyuridine antibody (BrdU, Sigma-Aldrich, Inc.). Therefore, 217 during the training period, the fish were exposed to BrdU in the water once a week overnight for a 218 total of 3 times (on non-swimming days). The concentration of the BrdU was 2 mg/ml (diluted in E3 219 medium). 3 days after the last exposition, fish were sacrificed, gills were extracted and fixed as mentioned antibody (mouse, BD Pharmingen) in a dilution of 1:150 in 5% bovine serum albumine (BSA, Sigma-was performed with anti-GFP (rabbit, Aves Labs, inc.) and Alexa Fluor 488 (anti rabbit, Thermo Fisher Figure 1 : Critical speed test of swimmer and control group before, during and after the training period; male fish body weight before and after training. Left: max. achieved swimming speed by untrained and trained fish (n=20 per group, except for swimmers at 5wk n=19). Data for the control group at 3 weeks were not recorded. Significant differences are found for the swimmers in the performance before training compared to either 3 weeks (p=0.00029) or 5 weeks of training (p=7.8e-8). Controls and swimmers at 5 weeks also showed significant difference in critical speed (p=2.7e-6). All other combinations are not significant. Right: weight of all the fish was measured before and after 5 weeks of swimming (n=10 for each group). Significant differences are found in the weight of the swimmers before and after training (p=0.011) and between the control and swimmer group after training (p=0.041).
wk=week, *p<0.05, ***p<0.001, lines within the plots show the quartiles of the respective distributions.
Interestingly, the behaviour of the fish adapted to the training too. During the first training day, fish 273 were swimming in a rather nervous and unorganised way. They swam back and forth, discovered their 274 new environment and had to get familiar with their new situation facing counter current flow. During 275 the training period, an improvement of swimming ability and technique was observed, the swimming 276 style appeared smoother and there appeared to be less unnecessary movements. The so-called burst and 277 glide swim style could be observed in all the groups during training (Beamish, 1978) . Furthermore, we 278 noticed behaviour that appears as if one fish plays the role of a 'group leader' -a strong fish that stays 279 behind all the others and pushes his colleagues that are falling behind (for both behavioural observations 280 see the movie (burst and glide group leader behaviour.mp4) in the suppl. materials).
Normal gill morphology 283
The respiratory organs of the zebrafish, the gills, are located in two branchial chambers that lie on each 284 side of the body, behind the eyes. These chambers are covered by an osseus lid, called operculum, which 285 protects the gills from physical and mechanical damage (Fig. 2) . The gills consist of two elements: the 286 arches and the filaments. In zebrafish, each branchial chamber contains 4 gill arches. They are made up 287 of a bony skeleton and provide the structural support for the filaments. The filaments can further be 288 divided into primary and secondary filaments (see also Fig. 2c and 2d ). Each primary filament consists 289 of a cartilage pillar and an afferent and efferent blood vessel. The gas exchange happens in the secondary 290 filaments that are attached to the primary filaments like little leaves to a twig. Within the secondary 291 filaments lies a capillary network with its blood flow against the water current (counter-current flow), 292 guaranteeing the maximally possible oxygen uptake.
293
Adaptation by increased filament number and length 294 We compared the morphology of separated gill arches (blinded printed photographs of arches 2 and 3 of 295 both groups, 40 photos in total) regarding primary filament length and number of secondary filaments 296 on primary filaments. The first visual impression was that the angle between primary and secondary 297 filaments in swimmers was closer to the right angle compared to controls, meaning that the secondary 298 filaments of swimmers pointed more to the sides whereas in controls they grew more towards the tip.
299
As a consequence, the gills of the swimmer group appeared less compact (with more room around the 300 secondary filaments). Swimmers also appeared to have longer and more numerous secondary filaments, 301 especially in the tip regions.
302
To support our first visual impression, we measured the length of the primary filaments and counted 303 the number of secondary filaments in a clearly defined region of interest (longest 5 primary filaments 304 of each arch 2 and 3). The mean length of primary filaments in trained fish was 6.1% higher in the 305 swimmer group than in the control group (1639±228 μm versus 1545±148 μm, n=10 fish per group with 306 5 filaments counted on both arch 2 and 3, therefore n=100 per group, p=0.00043). The mean number of 307 secondary filaments per primary filament was significantly higher in the swimmer group versus the control 308 group (+7.7%, 49±5 versus 46±3, n=100 per group, p=9e-9) (Fig. 3) . The distributing proportion of 309 the secondary filaments within upper and lower half of the primary filament is equal in swimmers and 310 control (52.5% vs. 47.5%). For this measurement, the midpoint of the length of each primary filament 311 was defined in Fiji and the secondary filaments were counted above and below this point.
312
As a conclusion of this semi-quantitative analysis, we suggest that exercise might induce gill growth in 313 adult zebrafish.
314
Adaptation by augmented gill volume 315 After the semi-quantitative analysis of a defined region of interest, we wanted to quantify the whole 316 organ volume. After scanning the fish head with micro-CT, we were able to reconstruct the whole organ 317 and to measure its volume as specified above.
318
The gill volume of trained fish was significantly larger than in control fish (+11.8%, 0.55±0.09 mm 3 319 versus 0.49±0.07 mm 3 , n=10 per group, p=0.048) (Fig. 4) . We extrapolated the hull of the gills by 320 filling the small voids between the secondary filaments with a closing filter (doc). This is analogous 321 to covering the gills with cling-film and gives us an approximation of the total volume which the gills 322 occupy in the animal. Dividing this hull volume by the gill volume calculated above gave us an estimate 323 of the filling factor of the gills, e.g. the space filling complexity. The gills of the swimmer group are 324 filling significantly less space in the total organ hull (-8%, 35.9±2.0% for the swimmer versus 38.8±2.9% 325 for the control group, p=0.0088). The results confirm the qualitative finding from the SEM images and 326 Figure 2 : 3D visualisation of a tomographic scan of a fish head from the control group. A: Fish head. The diameter of the whole eye (centre marked with a white asterisk) is approximately 0.83 mm. B: The delineated gills in red are shown inside the head of the fish, operculum removed, only right arches of the gills are shown. The gill arches lie within the branchial chamber. In this image, primary filaments are mainly pointing to the left of the image (back of fish). C: Detailed view of gills. Secondary filaments are seen as leaf-like structures attached to the primary filaments. The semitransparent grey line marks one primary filament. Arrows mark the tips of four secondary filaments. D: Two-dimensional view of the gills, e.g. one slice of the tomographic data set where all three-dimensional measurements were based on. The red overlay denotes the estimation of the hull of the gill organ. The filling factor of the gills shown in the right panel of Fig. 4 has been calculated by dividing the red volume by the white volume for each animal. Scale bar 0.5 mm. An animated version of the three-dimensional visualisation of the fish head can be found in the supplementary materials.
helps us to conclude that the gills of the swimmer group are less compact than the gills of the control 327 group. We thus expect that the flow of oxygen-rich water is facilitated in the gills of the swimmers. . Also visible are the gill rakers, facing towards the pharynx and preventing food particles from exiting between the gill arches. After 5 weeks of training, SEM scans were printed and compared morphologically. The white frame marks the region of the zoom shown in panel C and D. Scale bars: 0.5 mm. C, D: Detailed view of the tips of the gill arches. Note the longer appearing secondary (arrows) of filaments of the swimmer (D) and their more horizontal appearance. Scale bars: 0.1 mm. Bottom row: Graphs from semi quantitative measurement of primary filament length and number of secondary filaments on primary filaments, controls and swimmers after the training period. Arches 2 and 3 of each fish were taken into account (n=100 per group). Left: The length of the five longest primary filaments increased significantly in trained fish (p=0.00043). Right: secondary filament count on the 5 longest primary filaments of controls and swimmers, the swimmers showed a significantly higher number of secondary filaments (p=9e-9). ***p<0.001, lines within the plots show the quartiles of the respective distributions. Figure 4 : Gill volume and filling factor of gills calculated from micro-CT data. Left: the total volume of the gills was calculated from micro-tomographic assessment, after selecting a VOI and binarising the image into gills and background. Data from controls and swimmers, showing a significant increase after 5 weeks of training (p=0.048, n=10 for each group). Right: Calculation of the ratio of gills per organ area (see explanation in the text). The swimmers have significantly less gills per organ, e.g. more room between the filaments (p=0.0088, n=10). *p<0.05, **p<0.01, lines within the plots show the quartiles of the respective distributions. Figure 5 : O 2 consumption during moderate exercise (training speed) in swimmer and control fish. Each fish was measured individually in a swim tunnel respirometer before and after the 5 week training period (n=10 for each group before training, after training n=10 in the control group, n=9 for swimmers). Swimmers show a significantly increased oxygen consumption compared to the untrained control group after training (p=0.0081). **p<0.01, lines within the plots show the quartiles of the respective distributions.
Adaptation by amplification of secondary filaments 346
After observing the obvious growth of the primary filament and the increase in number of secondary 347 filaments and while studying the SEM pictures of swimmer gills, we came to the inference that the new 348 budding takes place on the tip of the primary filament. Taking a closer look at the tips, it is obvious that 349 they represent different stages of development. The very small secondary filaments are pointing more 350 towards the tip whereas the longer ones are oriented more to the sides. The tip of the primary filament 351 can appear more or less thick. Our hypothesis is, that first of all the tip of the primary filament thickens.
352
Consecutively, at one side the tissue starts to separate from the tip into a secondary filament, similarly 353 to the development of digits in embryo limb buds (Fig. 6, A to C) . While the secondary filament grows, 354 its orientation moves progressively sideways, like a flower opening its petals (Fig. 6, D and E) . Finally, 355 with additional growth in length, the new secondary filament joins the already existing ones on the side 356 of the primary filament (Fig. 6, F) . We propose to distinguish three main stages of secondary filament 357 formation: The thickening, the sprouting stage and the growth. To visualise nuclei that underwent division during the course of training, swimmers and controls were 363 exposed to BrdU, which was then detected with antibody staining. Our SEM data indicated that the 364 growth likely takes place in the tip regions, which is the reason why we decided to focus on the tips for 365 our analysis. We first checked that the BrdU-positive spots are indeed newly divided nuclei by showing 366 colocalisation with the DAPI staining. Since the amount of tissue per imaged region of interest was 367 variable, we normalised the number of BrdU-positive nuclei to the total number of nuclei. This number 368 was significantly higher in swimmers than in controls (+59.5%, 0.19±0.12 versus 0.12±0.08, p=0.0074, 369 6 swimmers and 6 controls, cell division was counted on two gill arches per fish, two images were taken 370 per arch) ( Fig. 7) .
371

Discussion
372
Endurance exercise leads to increased demands for oxygen and thus to an adaptation of the pathway 373 of oxygen, consisting of the gas exchange organ, heart and blood, microvasculature, and mitochon-374 dria (Weibel et al., 1992) . Of these four components, adaptation of the latter three has been well 375 established. However, the plasticity of the gas exchange organ remains controversial.
376
In our study, endurance training for 5 weeks and 6 hours/day led to a major improvement in performance 377 (+36%), to an improvement of the swimming technique and a better organisation of the group. Maximal Gilbert et al., 2014) . This was linked to an increased propulsive force, which would help fish to maintain 383 a stable position against the water current, and corresponds well to our qualitative observations.
384
The body mass of male fish increased significantly after the training (weight +18%, length +5%). This 385 effect has been observed before in young zebrafish and proven to be due to muscle growth, which is a 386 plausible explanation in our case too (Palstra et al., 2010) . The oxygen consumption increased as well: the 387 trained group, swimming at a moderate speed, consumed 27% more oxygen than the control group, which 388 Figure 7 : Immunostaining of gill filaments and number of mitoses per total number of nuclei. Top row: example of one control, middle row: swimmer. Staining of the nuclei in blue (DAPI), endothelium in green (eGFP) and mitoses in magenta (BrdU). The gills of swimmers contained significantly more mitoses normalised to the total number of cells (p=0.0074). Images to the right (marked as combined) show the overlay. Scale bar: 0.1 mm. Graph: the number of mitoses per total number of nuclei in immunostained gill tips was counted (n=6 for each group). After 3 weeks of training, the trained fish show a significantly higher number of dividing cells in their gills, compared to controls (p=0.0074). **p<0.01, lines within the plots show the quartiles of the respective distributions.
we explain by the increased body mass of the swimmers. A positive correlation between body weight and 389 oxygen consumption has already been shown in humans as well (Kappagoda et al., 1979) . The swimmers 390 used around 3% more oxygen than before the training, which would not per se be a relevant difference, 391 but at the same time, the control group consumed 24% less oxygen during the second measurement 392 than they did during the first one. We believe this drop of oxygen consumption in the control group 393 to be due to the observed calmer behaviour of the fish the second time they were in the respirometry 394 chamber: stress is known to be associated with an increased oxygen consumption (Woodward and Smith, 'gill filament budding'. We found probable stages of this process in SEM images and we proved increased
